The Mormon Peak and Heart Mountain detachments are carbonate--hosted low--angle faults of Tertiary age in the western United States that formed in the uppermost continental crust. Both faults were active during regional explosive volcanism, with a magmatic center of approximately 30 km distant in the case of the Mormon Peak detachment, and directly within the area of exposure of the Heart Mountain detachment. We present results from 137 carbonate clumped--isotope thermometric analyses within fault rocks related to the Mormon Peak and Heart Mountain detachments. We collected breccias, veins, gouges, and other fault rocks predominantly from within 1 meter of the detachments. Our results suggest the breccias and gouges are mixtures of (1) host rock, (2) authigenic or vein material, and (3) in some cases includes material that is frictionally heated during faulting.
INTRODUCTION
The classic Andersonian theory of fault mechanics presumes that the earth obeys Coulombic failure criteria, and that one of the principal stress axes is normal to the earth's surface. Under these conditions, the ratio of shear stress to normal stress on lowangle normal faults (<30 °) is too low for both fracture initiation and continued slip, even if the ambient pore fluid pressure is lithostatic (e.g. Axen, 2004) . The ubiquity of normal faults that both formed and slipped at low angle (e.g. Pierce, 1980; Mount and Suppe, 1987; Lister and Davis, 1989; Scott and Lister, 1992; Wernicke, 1995; Livaccari et al., 2001; Morley, 2014) has accordingly led to extensive theoretical, experimental and field research into this enduring enigma, resulting in explanations that emphasize some form of fluid-assisted weakening of fault zone materials, rotation of stress axes, or both (e.g., Yin, 1989; Melosh, 1990; Axen, 1992; Parsons and Thompson, 1993; Lister and Baldwin, 1993; Forsyth, 1993; Zoback and Townend, 2001; Bos and Spiers, 2001; Collettini and Holdsworth, 2004) . The same puzzle arises in the case of major strike-slip faults such as the San Andreas, which also appears to be oriented nearly perpendicular to the maximum principal stress direction in the upper crust (e.g. Mount and Suppe, 1987; Rice, 1990; Hickman and Zoback, 2004; Lockner et al., 2011) . It is therefore generally acknowledged that the lack of resolution of this "stress paradox" remains the primary hurdle in understanding the mechanics of faulting.
Fluid-assisted weakening mechanisms generally invoke high temperatures, due to (1) friction, up to and including melting in silicate rocks (e.g. Sibson 1975 ; Cowan 1999; Hirose and Shimamoto, 2005) , or decarbonation in carbonate rocks (e.g. Sulem and Famin, 2009; Han et al, 2010) ; or (2) magmatism, including the injection of volcanic gases (Hughes, 1970) and pressurization via magmatic heating of pore waters (Aharanov et al., 2006) . Weakening may thus occur by reducing the coefficient of friction (as appears to be the case for the San Andreas fault at shallow depth; Lockner et al., 2011), or by the development of near-lithostatic overpressure confined to the slip zone (e.g. Rice, 2006; DePaola et al., 2011) .
In this paper, we investigate the extent to which these mechanisms might apply to natural faults by using carbonate clumped-isotope thermometry on fault rocks and vein systems to track the origin and thermal evolution of fault zone fluids. In order to apply this technique to fault systems, we have focused on two carbonate-hosted, upper crustal low-angle faults, including the Heart Mountain detachment in the Absaroka Range and environs in NW Wyoming, and the Mormon Peak detachment in the Mormon Mountains in SE Nevada. Both faults are well exposed over areas of c. 1000 km 2 , and have displacements of at least 10 km. Because both faults primarily involve lower Paleozoic dolomitic strata in in platform or cratonic settings, their stable isotope composition is quite heavy in both oxygen (c. +20-25 ‰ VSMOW) and carbon (c. 0-4 ‰ VPDB), so that exchange phenomena with relatively light meteoric water and magmatic fluids can be expected to yield robust signals. Accordingly, each of the two areas has an extensive history of investigation both structurally and isotopically (for Heart Mountain, Pierce, 1980; Hauge, 1985 Hauge, , 1990 Templeton et al., 1995; Douglas et al., 2003; Anders et al., 2010 ; for the Mormon Mountains, Wernicke et al., 1985; Losh, 1997; Anders et al., 2006; Walker, 2007; Anderson et al., 2010; Diehl et al., 2010; Swanson et al., 2012) . Both the Heart Mountain and Mormon Peak detachments developed synchronously with regional magmatism, the former during development of the Eocene Absaroka Volcanic Supergroup (c. 52-48 Ma; Smedes and Prostka, 1972; Feeley and Cosca, 2003) , and the latter during the development of the Miocene Kane Springs Wash caldera (c. 15-14 Ma; Scott et al., 1995) .
The faults exhibit two key distinctions in their mode of origin that bear on the interpretation of thermometric data, including (1) their proximity to coeval magmatic centers and (2) their depth of development. The Heart Mountain detachment and allochthon are generally regarded as resulting from the gravitational collapse of a magmatic center (Sunlight Volcano and related units), with the detachment initiating at a depth of 1000-2000 m (Beutner and Hauge, 2009 , and references therein). In contrast, the Mormon Peak detachment and allochthon developed more distant from magmatism, about 30-40 km SE of the Kane Springs Wash caldera. The detachment is,a normal fault that has exhumed structural depths in its footwall that are in excess of 5000 m (Axen et al., 1990; Swanson et al., 2012) .
CARBONATE CLUMPED ISOTOPE THERMOMETRY

Methods
Clumped isotope thermometry is a relatively new technique for measuring the temperature of carbonate mineral crystallization. The bonding of the heavy isotopes 13 C and 18 O to each other is a temperature--dependent process, and is measurable with current mass spectrometry techniques (Eiler, 2007) . This effect can be described as an exchange reaction with the form: The forward reaction causes "clumping" of the heavy isotopes. The extent to which this forward reaction is favored depends on the balance between the lower vibrational energy of the 13 C--18 O bond and the entropy of the system, as described in Schauble and others (2006) . At higher temperatures, a more random distribution is favored, whereas at lower temperatures, clumping is preferred. This degree of ordering is set during crystallization at temperatures less than 200 to 300 °C, and readily modified by intracrystalline diffusion at higher temperatures (Eiler, 2007) .
The measured mass 47, which consists principally of 13 C 18 O 16 O, but also minor quantities of 12 C 18 O 17 O and 13 C 17 O2, is compared to that expected for a stochastic distribution, and the difference is denoted as Δ47, in units of permil (Eiler, 2011) .
The raw Δ47 values are standardized by comparison to CO2 gases heated to achieve a nearly stochastic distribution, and then corrected for temperature--dependent fractionation during acid digestion.
Powders were most often obtained by microdrilling, using a 0.5 mm drill bit, to extract 8--12 mg of carbonate from either saw--cut or split samples. Accordingly, features smaller than 5 mm are too small to sample separately using this technique.
A few samples (labeled with a C in the sample name, tables 1 and 2) were analyzed as small chips, also weighing 8--12 mg, while a few others (labeled with an M in the sample name, tables 1 and 2) were ground to a powder using a mortar and pestle.
Using the sample preparation and analysis techniques described in Huntington and others (2009) , the samples were reacted with phosphoric acid at 90 °C to produce CO2 gas, which was then cleaned by established cryogenic and gas chromatographic methods and measured for masses 44-49 using a Finnegan 253 gas source mass spectrometer.
Measured values for Δ47 for each sample were corrected based on the week's heated gas measurements, and then converted into the absolute reference frame via a secondary transfer function. This function included 25°C water--equilibrated gases, 1000°C heated gases, and carbonate standards with known values in the absolute reference frame (Burgmann, 2013 (2005) . Acid digestion fractionation factors were taken from Guo and others (2009) and Rosenbaum and Sheppard (1986 
Sample Descriptions
A variety of different textures of carbonate were collected from the Mormon
Mountains and Heart Mountain areas, and are described in detail below. The
Mormon Mountains sampling was focused on the detachment zone, and all samples except the host rock were collected within a meter of main slip surface. Sampling within the Heart Mountain area included both the detachment zone, and samples from hanging wall structures well above the fault. We distinguish the samples here using abbreviations keyed to their locations relative to the detachment surface, with "FW" referring to the footwall, "DET" referring to the detachment plane and samples within c. 10 cm of it, and "HW" referring to the hanging wall, and "host" referring to samples unaffected by faulting. 
Gouge (DET--g for Mormon Mountains, HW--g for Heart Mountain
allochthon): These samples are very fine--grained cataclasites with no clasts visible, even with an optical microscope. The Mormon Mountains gouge samples were collected from the detachment surface, while the Heart Mountain gouge samples cam from hanging wall faults, due to lack of carbonate--rich gouges along the detachment.
Mormon Mountains
Geologic background
The Mormon Peak detachment is an extensively exposed low-angle slip surface, active during middle Miocene extension in the Basin and Range province (Wernicke and others, 1985; Axen and others, 1990 ; Figure 
Isotopic data
A summary of the 54 isotopic analyses for samples from the Mormon
Mountain can be found in Table 1 , and plotted in Figure 4 , color--coded by texture.
Forty--two of these analyses are from Swanson et al. (2012) values of -12 to 11 permil. These large ranges are similar to those of the breccias, and probably also reflect the variable proportions of diverse materials contained within these mixtures. The two warmest DET-g temperatures are, however, 60-80 °C warmer than the warmest DET-b temperatures.
Discussion
The samples that appear to be mixtures 
Heart Mountain
Geologic Background
The Heart Mountain detachment is a low--angle slip surface that is currently exposed in a 70 km by 30 km area, with apparent slip of as much as 45 kilometers (Pierce, 1980, Figure 6 ). At present, the base of the allochthon is subhorizontal Hauge , 1985 Hauge , , 1990 . The fault lies along the eastern margin of the extensive Absaroka volcanic field, and was active during Absaroka magmatism (e.g. Hiza, 2000; Feeley and Cosca, 2003; Douglas et al., 2003) .
Isotopic data
A summary of the isotopic data for the 83 samples from Heart Mountain can be found in Table 2 , and plotted keyed by texture in Figure 7 .
Host rock samples (host) have δ Given that hanging wall faults can preserve this heating signal, we prefer the interpretation that the hot carbonate existed while the detachment was at depth, but got overprinted by further fluid infiltration/slip events. It is plausible that displacement on the detachment occurred by aseismic creep and was therefore not heated frictionally, while seismic slip occurred on the hanging wall faults. But given the similar isotopic compositions between the two, we think it more likely that the main fault was more thoroughly overprinted by late-stage fluid infiltration than hanging wall faults. This could arise from the more protracted slip history on the main detachment than on any given hanging wall splay.
The hanging wall faults we sampled are both at low angles to the main detachment, (dipping <30°), and they both have a similar burrowed texture of Bighorn Formation in their footwalls, and brecciated Bighorn Formation in their hanging walls. They are lie towards the "toe" or "runout" area of the Heart Mountain allochthon, with the Steamboat site at the bottom of the "transgressive zone", a region that cuts up-section and up-hill eastwards towards the Bighorn Basin, and Heart Mountain within the Bighorn Basin. Given these locations, the allochthon might be expected to have experienced a degree of horizontal contraction, and as such we suspect that these low-angle faults might actually be pieces of detachment that were excised from the footwall, resulting in fragments of the detachment and footwall interposed between hanging wall blocks.
In the case of the Heart Mountain samples, it is clear that this fault experienced many episodes of slip, with gouge overprinting breccia, only to be incorporated as clasts in a later breccia. Additionally, a void fill sample that overprints the breccia gives two temperatures of 55 and 60°C, which precludes its formation as a late-stage, near surface in-fill. It may have formed immediately post-slip, during cooling of the slip event, or it may have formed in the fault zone at 1-2 km depth, depending on the local geothermal gradient.
Comparison of the Mormon Peak and Heart Mountain Allochthons
The distributions of stable and clumped isotopic compositions show broadly similar trends for both the Mormon Mountains and Heart Mountains (Figures 8).
The majority of samples have compositions that can be explained by mixtures of host rock, veins, and a higher--temperature material. A summary of the different characteristics of each of these materials can be found in Table 3 , and a schematic representation of the large--scale similarities and differences between the two detachment systems is depicted in Figure 9 . In fine--grained breccias or gouges, it can be difficult to distinguish these materials without the temperature information from clumped--isotope thermometry.
The highest temperatures reach at least 250°C for both areas, and show textural evidence of frictional heating. Both areas of study show isotopic evidence for the predominant source of water along the fault being meteoric. Despite proximity to volcanic centers, there is little evidence in either area for precipitation of carbonate from any magma-derived fluids.
A major difference between the two study areas is the paleodepths sampled by the fault rocks ( Figure 9 ). The Mormon Peak detachment has rocks in its footwall that were at depths of as much as c. 6 km during slip. In contrast, the Heart Mountain allochthon, being rootless, never reached depths of greater than 2 kilometers. This difference is reflected in the temperatures of the warmest veins, with the warmest vein at Heart Mountain recording a temperature of 65°C, much colder than the 165°C vein temperatures from the footwall of the Mormon Peak allochthon.
An interesting finding is that samples from the Mormon Mountains are generally warmer than their textural equivalents in the Heart Mountain area. This would not be expected if magmatic processes were intimately related to slip processes along the fault, because the Mormon Mountains are significantly further from magmatic centers. Instead, the ambient temperatures owing to paleodepth seem to play a dominant role.
Sample temperatures that do not appear to be controlled by ambient conditions include the hottest samples, which we interpret to be frictionally heated. These were more frequently sampled from the Heart Mountain area, but are found in the Mormon Mountains as well directly on the detachment surface.
The preservation of the heating signal appears to be better in hanging wall faults, which were not sampled in the Mormon Mountain, but both areas have samples over 200°C. There is a possibility the hot samples from the Mormon Mountains were originally on a hanging wall fault that was faulted down onto the detachment surface, but it is also possible these samples were heated while on the detachment.
The better preservation of hot samples along hanging wall faults might be the result of "isolation" from fluid flow along the detachment during later events, while motion on hanging wall faults may a much more limited history of slip and fluid flow. It seems likely that with continued slip and permeability enhancement, authigenic carbonate precipitated from meteoric water comprises an increasing proportion of the carbonate in fault zone rocks.
Conclusions
Carbonate clumped--isotope ratios are capable of recording the transient elevation of temperatures from frictional heating along detachments, although preservation along the main detachment surfaces is not common. It is possible that hanging wall faults related to slip on these surfaces, or fragments of the detachment incorporated into the allochthons, better preserved the record of frictional heating. Figure 3 . Carbon isotopes are with respect to VPDB, Oxygen isotopes are with respect to VSMOW, T is temperature in °C; δ 18 O w is the composition of fluid in equilibrium with carbonate, with respect to VSMOW. 
